Introduction
[2] The 21 September 1999 Chi-Chi, Taiwan earthquake (M w 7.6) was the largest inland earthquake recorded in Taiwan in the twentieth century. The hypocenter was located at 23.853°N and 120.816°E with a focal depth of 8 km (Figure 1 ). The earthquake initiated from the hypocenter in southern Chelungpu fault and ruptured both updip and laterally northward [Chen et al., 2001; Kikuchi et al., 2000; Ma et al., 2000] . The faulting produced surface ruptures about 100 km long along the Chelungpu fault with largest net slip of up to 11.5 m in the north [Lee et al., 2003] . The motion was of thrust type with a left-lateral component, and the fault is one of the western deep thrust in the Taiwan mountain belt (Figure 1) .
[3] The Chi-Chi earthquake was well recorded by a dense seismic observatory network (Taiwan Strong Motion Network) operated by the Central Weather Bureau [Shin et al., 2000] . The stations near the northern end of the Chelungpu fault recorded the largest ground velocities and displacements, up to 3 m/s and 8 m, respectively [Chung and Shin, 1999] . In contrast, ground accelerations were higher in the southern part of the fault, even though the ground velocities and fault displacements were less there than in the north. Andrews [2005] proposed that differences in the effect of thermal pressurization, combined with the differences in the lithology of units within the fault zones in the north and south, explained these contrasting slips. Another notable contrast in slip behaviors was the marked absence of high-frequency radiation recorded in the nearfield seismograms at the northern part of the fault. Ma et al. [2003] attributed this absence to the slip mechanism, elastohydrodynamic lubrication [Brodsky and Kanamori, 2001] , by assuming the presence of viscous fluidized fault gouge within the fault zone. They suggested that the increased lubrication pressure widened the gap between the fault surfaces, thereby reducing the areas of asperity in contact and decreasing high-frequency radiation.
[4] However, thermal pressurization and hydrodynamic lubrication are merely hypothesized at present and need to be investigated further through observation and analysis of rock samples. To further investigate the faulting mechanism of the Chi-Chi earthquake, the Taiwan Chelungpu-Fault Drilling Project (TCDP) was started in 2002. TCDP drilled two cored holes, hole A (total depth 2003.00 m) and hole B (total depth 1352.60 m). In hole B, cores were recovered only from between 948.42 and 1352.60 m, and the core samples were sent to the Kochi Institute for Core Sample Research, Japan Agency for Marine-Earth Science and Technology (JAMSTEC), for nondestructive continuous physical property measurements. These measurements provide basic information to assist in the characterization of Figure 1 . Geological map of central Taiwan, modified from the work of Wang et al. [2000] , with the site of the Taiwan Chelungpu-fault Drilling Project (TCDP) and an E-W cross section through the site location.
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HIRONO ET AL.: PHYSICAL PROPERTIES OF TCDP CORES lithologic units and the correlation of cored material with downhole logging data, thus contributing to our understanding of the nature of the faulting at the 1999 Chi-Chi earthquake.
[5] Although preliminary density, magnetic susceptibility, and natural gamma ray measurement results, only within the fault zones, were reported by Hirono et al. [2006b] , complete lithological descriptions, as well as other measurement results, for all core samples from hole B have not yet been reported. In this paper, we report the results of density, porosity, magnetic susceptibility, and natural gamma ray measurements for all core samples and present those from within the Chelungpu fault in detail. We also describe the fault zone architectures and discuss the faulting mechanism of the 1999 Chi-Chi earthquake. Wireline coring was conducted between 948.42 and 1352.60 m with a PQ (83-mm diameter) core barrel. The drilling mud was circulated at around 1.1 g/cm 3 during coring, and the core recovery rate reached nearly 100%. Core samples were recovered completely even within the damaged fault zones.
Drilling Procedure and Core Sample Handling
[7] Immediately after retrieval, the core samples were packaged into aluminum tube cases at the drilling site to prevent evaporation of the fluids within the core samples. Atmospheric air trapped within the case was replaced with nitrogen gas before sealing to prevent any oxidization. Then the core samples were placed in a refrigerated container and shipped to Kochi Institute, JAMSTEC, for nondestructive continuous physical property measurements. We confirmed at Kochi that the samples were received in good condition without any collapsed, dried, or oxidized parts.
Nondestructive Continuous Physical Property Measurements
[8] A flowchart of the core sample measurement process at the Kochi Institute is shown in Figure 2 . First, an X-ray computerized tomography (CT) image was captured while the core sample was still sealed within the aluminum case. Next, after the core sample had equilibrated with room temperature, approximately 25°C, the density, magnetic susceptibility, and natural gamma radiation were measured using a Multi-Sensor Core Logger (MSCL) system (Geotek Ltd., London, UK) on whole-round core sections. Then the whole-round core samples were split into archive and working half cores with a large rock cutter. Water content and thermal conductivity were measured on the archive half-core samples, which were also used for the geological description. In addition, a photo image capture logger, color spectroscopy, and an X-ray Fluorescence Spectroscopy core logger were used to collect data and images of the split surfaces. The porosity and density were measured on discrete subsamples collected from the working half-core samples.
[9] In this paper, we report only X-ray CT image, density (both MSCL and discrete sample), magnetic susceptibility, natural gamma ray radiation, and porosity data. The methods are further described below.
X-Ray CT Image
[10] The method of X-ray CT is a radiological imaging technique in which attenuation of two-dimensional X-ray fan beams that penetrate a sample is measured by an array of detectors. A two-dimensional image of the distribution of linear X-ray attenuation is reconstructed by Radon transform and Fourier projection-slice theorem. A three-dimensional data set of the sample is then obtained by stacking continuous two-dimensional images. The degree of X-ray attenuation depends on both the density and the atomic number of the material composing the samples. Higher density and higher atomic numbers result in higher attenuation of X-rays.
[11] An X-ray CT scanner (Pratico, Hitachi Medical Co.) was here used not for three-dimensional imaging of core samples but for the two-dimensional imaging. X-rays were produced by bombarding a molybdenum-tungsten alloy target with electrons in an X-ray tube at 120 kV and 100 mA, and the transmitted X-rays through core samples were captured by four-arrayed detectors. Brighter colors in the processed image mean higher attenuation of X-rays. The resolution of each image was 1 mm/pixel.
[12] The X-ray CT images, produced by X-rays having varying energy levels, are subject to noise, which results from sample size, the random manner in which the photons are distributed within the image, and varying electron current and acceleration conditions [Hirono et al., 2003] . Thus the results reported of analyses based on the X-ray CT images in this study are only semiquantitative.
Gamma Ray Attenuation (GRA) Density
[13] A thin gamma ray beam was provided by a 137-Cs gamma ray source at a radiation level of 370 Bq within a lead shield with a 2.5-mm collimator. The gamma ray detector comprised a scintillator and an integral photomultiplier tube. The calculation of bulk density from gamma ray attenuation was by the following equation:
where r is sediment bulk density, m is the Compton attenuation coefficient, d is sample thickness, I 0 is the gamma source intensity, and I is the measured intensity through the sample. Because m and I 0 are treated as constants, r can be calculated from I. We used a set of aligned aluminum cylinders of various thicknesses, surrounded by distilled water in a sealed acrylic container, for calibration ( Figure 3a) . Gamma counts were taken through each cylinder for long count time (60 s), and ln I was plotted against rd ( Figure 3b ). Here r of each aluminum cylinder was 2.7 g/cm 3
, and d was 1, 2, 3, 4, 5, or 6 cm. The relationship between I and rd can be expressed as follows:
where A, B, and C are coefficients determined during calibration. These coefficients fluctuated slightly during the measurements. The values resulting from each calibration test are summarized in Table 1 .
[14] The MSCL provided the values of I and d, and r was calculated with the above-described equation. This density measurement was conducted every 0.5 cm for 4 s. The spatial resolution was 5 mm, so each data point reflects the properties of the closest 5-mm interval. Accuracy is discussed later, in comparison with the densities measured on discrete samples.
Magnetic Susceptibility
[15] Magnetic susceptibility is the degree to which a material can be magnetized by an external magnetic field. A Bartington loop sensor (MS2C) with a 10-cm loop diameter was used for magnetic susceptibility measurements. An oscillator circuit in the sensor produces a lowintensity (approximately 80 A/m RMS) nonsaturating, alternating magnetic field (0.565 kHz). Any material near the sensor that has a magnetic susceptibility causes a change in the oscillator frequency. This pulse frequency is then converted into magnetic susceptibility values.
[16] The magnetic susceptibility values obtained were volume-specific and were corrected for the relative effect of core size and the size of the loop sensor being used. The spatial resolution of the loop sensor was 20-30 mm, and it was accurate to within less than 2%. Like the GRA density data, magnetic susceptibility data were obtained at 0.5-cm intervals with a 4-s acquisition time. The integration time period was 1.0 s.
Natural Gamma Radiation (NGR)
[17] Natural gamma ray emissions were recorded from all core sections to determine variations in the radioactive counts of the samples and for a correlation with the downhole NGR measurements. A lead-shielded counter was used, which was optically coupled to a photomultiplier tube and connected to a bias base that supplied the high-voltage power and a signal preamplifier. Two sensors were mounted horizontally in a lead cube-shaped housing. The NGR system records radioactive decay of 40 K, 232 Th, and 238 U, which are three long-period isotopes that decay at an essentially constant rate within measurable timescales. The spatial resolution was 150 mm, and NGR was measured every 10 cm over a 2-min period. For fault-related core samples only, it was measured every 2 cm over the same period. Background radiation noise was 38 cps, measured by inserting a blank filled with quartz powder, and the accuracy of the measured data was within about 1.5%. 
Porosity and Density
[18] Porosity and density of discrete subsamples from the working half-core samples were measured. One rock subsample was collected from each 1-m-long core sample. Because each subsample was fully water saturated, the wet mass, M wet , was first measured with a precision of ±0.001 g on an electronic balance. Then the subsample was oven-dried at 105 ± 5°C for 24 hours and allowed to cool in a desiccator, and the dry mass, M dry , and volume, V dry , were measured. The dry volume was determined at least three times with a helium-displacement pycnometer (Quantachrome PentaPycnometer) with a nominal precision of ±0.01 cm 3 and then averaged. Pore volume, V pore , was calculated by subtracting dry mass from wet mass, assuming a constant 1.0 g/cm 3 density for the pore fluid evaporated during drying. Then porosity and wet-bulk density were calculated as:
Wet bulk density
Porosity and density were accurate to within 0.1 and 0.01 g/cm 3 , respectively.
Correlation Between GRA Density and Discrete Sample Density
[19] The correlation between density determined from the GRA and that measured on discrete samples was determined for each lithology ( Figure 4 ). Five typical lithologies were recognized in the core samples: sandstone; siltstone; interbedded sandstone and siltstone (majority sandstone); interbedded sandstone and siltstone (majority siltstone); and fault-related rock (fault gouge and breccia). Because the wet bulk density data calculated on discrete samples had high accuracy, within 0.01 g/cm 3 , they were used as standards. For all the lithologies, the GRA densities were generally approximately 0.1 g/cm 3 higher than those measured on the discrete samples. This difference was inferred to result from variation in chemical composition within the core samples. The amount of attenuation of gamma rays depends not only on density but also on the chemical composition of the material. Aluminum cylinders were used to calibrate the GRA density measurements, but material composed of atoms with higher atomic numbers than aluminum would cause higher attenuation. Because natural rocks such as the sandstone and siltstone of these TCDP core samples include atoms with atomic numbers higher than that of Al (for example, Si, K, Ca, Fe), the GRA density measurements of natural rocks based on the calibration with aluminum would result in higher apparent densities than those measured on discrete samples.
Characteristics of All Core Samples

Lithology
[20] Stratigraphically, the depth interval from 948.42 to 1040 m corresponds to the Pliocene to Pleistocene Cholan Formation, which is composed dominantly of sandstone and sandstone-siltstone alternation with weak to heavy bioturbation. The Pliocene Chinshui Shale occurs from 1040-to 1280-m depth and consists predominantly of siltstone with weak bioturbation. From 1280-to 1352.60-m depth is the late Miocene to early Pliocene Kueichulin Formation, which is composed dominantly of massive sandstone with minor siltstone.
[21] Wang et al. [2000, 2002] and Yue et al. [2005] suggested that the Chelungpu fault was a bedding-parallel thrust in the Chinshui Shale. We found, consistent with their interpretation, three dominant fault zones as the Chelungpu fault system within the Chinshui Shale. These zones are at depths of 1134-1137, 1194-1197, and 1242 -1244 m and were previously called 1136mFZ, 1194mFZ, and 1243mFZ, respectively [Hirono et al., 2006b] . We have renamed them here as FZB1136, FZB1194, and FZB1243, respectively. Structural descriptions are presented in section 5. Three major fault zones, FZA1111, FZA1153, and FZA1222, were also found within the Chinshui Shale in hole A Sone et al., 2007] . The correlation of these zones between holes A and B is discussed later. Although the major fault zones are parallel or subparallel to the bedding planes, the fault zones can be easily distinguished from the shale layers because they are accompanied by fault zone architecture such as fault gouge and breccia.
Physical Properties
[22] GRA density, magnetic susceptibility, and NGR values, and porosity and density values measured on discrete samples, for all core samples in hole B are summarized in Figure 5 .
[23] In the Cholan Formation (948.42 -1037 m), the GRA densities ranged approximately from 2.3 to 2.8 g/cm 3 , magnetic susceptibilities from 20 Â 10 À5 to 80 Â 10 À5 SI, NGR emissions from 10 to 60 cps, porosities from 5 to 20%, and densities of discrete samples from 2.3 to 2.7 g/cm 3 . Both GRA densities and discrete sample densities were relatively higher in the siltstone layers than in the sandstone layers.
[24] In the Chinshui Shale (1037 -1283 m), except in the three fault zones (the data are presented later), the GRA densities were approximately constant at 2.6 g/cm 3 , magnetic susceptibilities ranged from 30 Â 10 À5 to 150 Â 10 À5 SI, NGR emissions from 40 to 60 cps, porosities from 5 to 20%, and densities measured on discrete samples from 2.3 to 2.7 g/cm 3 . A slight correlation between the GRA densities and magnetic susceptibilities was recognized, and rhythmic fluctuations from high to low were observed in the NGR emissions. Relatively high NGR emissions were associated with pure siltstone and majority siltstone interbedded between sandstone and siltstone. Figure 5 . GRA density, magnetic susceptibility, natural gamma ray radiation, porosity, and density by discrete sample logs from hole B. LC, lithological column.
[25] In the Kueichulin Formation (1283 -1352.60 m), the GRA densities ranged approximately from 2.1 to 2.6 g/cm 3 , magnetic susceptibilities from 20 Â 10 À5 to 200 Â 10 À5 SI, NGR emissions from 20 to 60 cps, porosities from 5 to 30%, and densities of discrete samples from 2.2 to 2.6 g/cm 3 . Relatively low GRA densities and magnetic susceptibilities were associated with pure sandstone and majority sandstone interbedded between sandstone and siltstone.
[26] At all depths, regions of high magnetic susceptibility generally coincided with regions of high GRA density. A possible explanation is that rocks with higher density contain more magnetic minerals, under the assumption of a constant volumetric fraction of the minerals. Regions of high NGR emission also generally coincided with those of high GRA density. The cause may be similar in that the rocks Figure 6 . Fault zone architecture of FZB1136. Photos, X-ray CT images, and sketches are shown from left to right. BGZ, black gouge zone; GGZ, gray gouge zone. with higher density contain more minerals, such as clay minerals, containing K, Th, and U.
Characteristics of the Three Major Fault Zones
FZB1136: Fault Zone Structures
[27] The fault rocks were classified into fracture-damaged zone, fault breccia (breccia zone), and fault gouge, following the terminology of Sibson [1977] , Chester et al. [1993] , Schulz and Evans [1998] , and Biegel and Sammis [2004] . In FZB1136, the following subzones were encountered, from top to bottom ( . Both fracture-damaged zones displayed layer-parallel and layer-subparallel open fractures, which gradually increased in frequency toward the breccia and fault gouge zones, but were sparse except in the vicinity of the fault zones, within the alternation of sandstone and mudstone with bioturbation. In both breccia zones, the clasts were composed of very fine-grained sandstone or siltstone with minor shear bands, and the foliations within the matrixes became more intense closer to the gouge zones. Both gouge zones displayed foliation or random fabric textures, usually with a gradual transition from one zone to another. The dip angles of distinct shear planes within gouge zones were approximately 35°.
FZB1136: Physical Properties
[28] The GRA density, magnetic susceptibility, and NGR data obtained from FZB1136 are summarized in Figure 7 . The GRA densities ranged from 2.4 to 2.7 g/cm 3 but were significantly lower within the black gouge zone (approximately 2.0-2.4 g/cm 3 ). Lower X-ray attenuation on the X-ray CT image of the zone is consistent with the lower densities ( Figure 6 ). Densities recorded in the upper breccia zone were lower relative to those in other zones, except that in the black gouge zone. Magnetic susceptibilities fluctuated mainly from 30 Â 10 À5 to 60 Â 10 À5 SI but also showed higher peak values within the black gouge zone (approximately 50-80 Â 10 À5 SI). The NGR emissions ranged from 48 to 68 cps and did not show a strong relationship to the architecture of the fault zone. Across the fault zone, magnetic susceptibilities increased with depth, and the NGR emissions appeared to increase in the footwalls.
[29] High magnetic susceptibility and high NGR emission generally accompanied high GRA density because, as we explained in section 4.2, rocks with higher density can contain more magnetic and radioactive minerals; however, in the black gouge zone, lower GRA density was associated with higher magnetic susceptibility. [Hirono et al., 2006b ], which has been identified as pseudotachylyte by a low degree of melting [Hirono et al., 2006a] . It was 2 cm thick and relatively stiff compared to the gouge. The dip angle of this disk was approximately 45°. The upper boundary between the BM disk and the adjacent upper cohesive sandstone unit was extremely sharp, whereas fragments of the disk were contained in the underlying black gouge. Other parts of both gouge zones displayed foliation or random fabric texture. The breccia zone in FZB1194 was thinner than that in FZB1136, less foliation seemed to have developed within the zone itself, and the clasts were mainly fine-grained sandstone. The fracture-damaged zones displayed similar characteristics to those of FZB1136.
FZB1194: Physical Properties
[31] The GRA density, magnetic susceptibility, and NGR data obtained from FZB1194 are summarized in Figure 9 . The GRA densities ranged approximately from 2.0 to 2.7 g/cm 3 and magnetic susceptibilities from 28 Â 10 À5 to 52 Â 10 À5 SI. In the black gouge zone, lower GRA densities (approximately 2.2-2.4 g/cm 3 ) and higher À5 SI) were recognized. Lower X-ray attenuation on the X-ray CT image of the zone is consistent with the lower densities (Figure 8 ). NGR emissions ranged from 40 to 57 cps and showed lower values around the gray gouge zone. Across the fault zone, the NGR emissions appeared to increase in the footwall.
FZB1243: Fault Zone Structures
[32] In FZB1243, subdivisions observed from top to bottom were (Figure 10 [Hirono et al., 2006b] , which has been identified as pseudotachylyte by a low degree of melting [Hirono et al., 2006a] . It was 3 cm thick, and relatively stiff compared to the gouge, similar to that encountered in FZB1194. The dip angle of this disk was approximately 30°. Other parts of both gouge zones displayed foliation or random fabric texture. The fracturedamaged zones displayed similar characteristics to those in the other two fault zones. The overall scale of FZB1243 was smaller compared with the shallower two fault zones, as no breccia zone was present between the intact rocks and the fault gouge zones and the fault rocks were confined within a region approximately 25 cm thick.
FZB1243: Physical Properties
[33] The GRA density, magnetic susceptibility, and NGR data obtained from FZB1243 are summarized in Figure 11 . The GRA densities ranged approximately from 2.1 to 2.7 g/cm 3 and magnetic susceptibilities from 27 Â 10 À5 to 54 Â 10 À5 SI. In the black gouge zone, lower GRA densities (approximately 2.2-2.5 g/cm 3 ) and higher magnetic susceptibilities (approximately 40-55 Â 10 À5 SI) were recognized. Lower X-ray attenuation on the X-ray CT image of the zone is consistent with the lower densities ( Figure 10 ). NGR emissions ranged from 43 to 57 cps, and the lower values show good correlation with the black gouge zone. Across the fault zone, the NGR emissions appeared to increase in the footwalls.
Correlation of Major Fault Zones Between in Holes A and B
[34] The three major fault zones in hole A, reported by Yeh et al. [2007] and Sone et al. [2007] , FZA1111 (fault zone at 1111-m depth in hole A), FZA1153, and FZA1222, may correspond to FZB1136, FZB1194, and FZB1243, respectively, on the basis of the relative depth deviation calculated from the horizontal distance between the holes (40 m), the angle and direction of dip of the fault zones, and observation of host rock lithology. The spatial relation- Figure 9 . Density, magnetic susceptibility, and natural gamma ray radiation (NGR) logs from FZB1194.
ships of the fault zones between the two holes are illustrated in Figure 12 . [36] Fault breccia, with 2-cm thickness, was developed within the minor fault zone at 1067.49 m. Fragmentation was recognized around the boundaries with the upper and lower host rocks. The GRA density was lower at 2.36 g/cm 3 than that of the host rock, whereas the magnetic susceptibility did not change (Figure 13a ). Figure 10 . Fault zone architecture of FZB1243. The images are photo, X-ray CT, and sketch from left to right. BM disk; disk-shaped black material; BGZ, black gouge zone; GGZ, gray gouge zone.
Characteristics of the Minor Fault Zones
[37] Within the minor fault zone at 1067.80 m, fault breccia and gouge, with a total thickness of 6 cm, were observed. Fragmentation was recognized around the boundaries with the upper and lower host rocks. The GRA density was also lower, 2.34 g/cm 3 , than that of the host rock, whereas the magnetic susceptibility did not change (Figure 13a) .
[38] Black fault gouge, 1 cm in thickness, was observed within the minor fault zone at 1314.27 m. The boundaries with the upper and lower host rocks were sharp. The fault gouge had slightly lower GRA density, 2.53 g/cm 3 , than the host rock, and no change of magnetic susceptibility was observed (Figure 13b) .
[39] Fault gouge, 2 cm in thickness, was observed within the minor fault zone at 1317.84 m. The boundary with the upper host rock was gradual, whereas that with the lower host rock was sharp. The gouge had a significantly lower GRA density, 2.16 g/cm 3 , and lower magnetic susceptibility, 45 Â 10 À5 SI, than the host rock (Figure 13c) . However, the part with minimum susceptibility, 36 Â 10 À5 SI, was observed 4 cm below the gouge. In the lower host rock, the magnetic susceptibility fluctuated, perhaps in relation to the lithology.
[40] The minor fault zone at 1340.94 m was thicker than the others (total thickness, 20 cm). An upper breccia zone, a black gouge zone, and a lower breccia zone were observed. The GRA densities were lower, with a minimum value of 2.21 g/cm 3 , than those of the host rocks, whereas the magnetic susceptibility did not change (Figure 13d) .
[41] Within these minor fault zones, the interval of measurement of NGR emissions (10 cm) did not result in measurements with high enough resolution to detect a signal from the fault zones themselves, but the parts including the fault zones did not show any change compared with the other parts. It is thus likely that no specific fluctuations occurred within the minor fault zones.
[42] Therefore the minor fault zones are characterized by lower GRA density and no change in magnetic susceptibility or NGR emission.
7. Discussion 7.1. Low GRA Density Within All Fault Zones
[43] In all three major fault zones (FZB1136, FZB1194, and FZB1243), relatively lower GRA densities were recorded within each black gouge zone. Similarly, lower GRA densities were also observed within all minor fault zones.
[44] First, it is possible that these lower GRA densities represent a measurement artifact. Sample from the gouge Figure 11 . Density, magnetic susceptibility, and natural gamma ray radiation (NGR) logs from FZB1243. HIRONO ET AL.: PHYSICAL PROPERTIES OF TCDP CORES Figure 13 . Density, magnetic susceptibility, and natural gamma ray radiation (NGR) logs from minor fault zones, along with photo images.
and breccia zones were fragile and subject to collapse at the outer edges, and some portions were frequently washed out. Consequently, the total analyzed volume of these portions of the sequence was less than that of other parts of the sequence. However, since the cross-sectional sediment thickness was measured with the MSCL to calibrate the density calculation, the lower densities recorded in the gouge and breccia zones are not likely to be artifacts resulting from sample collapse or washout.
[45] Rather, we attribute the lower GRA densities in the gouge zone to extensive microscale fracturing and cracks within the zone and/or to the loss of atoms with high atomic number. We were unable to detect obvious fractures and cracks in our mesoscopic observations, and a chemical analysis was not performed. Therefore we are unable to identify the cause rigorously but can conclude that the lower GRA densities within the black gouge zones are not artifacts. Moreover, lower GRA densities seem to coincide with lower X-ray attenuation on the X-ray CT images (Figures 6, 8 , and 10).
High Magnetic Susceptibility Within the Three Major Fault Zones
[46] In the three major fault zones, high magnetic susceptibilities were recorded within the black gouge zones and the BM disks. Although magnetic susceptibility measurement is convenient and nondestructive, detailed rock magnetic and nonmagnetic analyses are required to examine the cause of high magnetic susceptibility because magnetic susceptibility is affected by various factors, such as the concentrations and kinds of magnetic minerals contained in the rocks, the grain size of the magnetic minerals, and sometimes the concentrations of paramagnetic (iron-bearing) and diamagnetic (iron-free) minerals [e.g., Dearing, 1999] . Mishima et al. [2006] conducted detailed rock magnetic analyses of the BM disks and surrounding rocks within FZB1194 and FZB1243. They suggested that the change in grain size of magnetic minerals did not account for the high magnetic susceptibility within the BM disks because decreases in the concentrations of very fine magnetic minerals could increase magnetic susceptibility [Maher, 1988] . Rather, they showed that magnetic minerals such as magnetite and maghemite had formed within the BM disks as a result of the thermal decomposition of paramagnetic minerals at temperature above 400°C and inferred that the formation of these minerals accounted for the increase in magnetic susceptibility.
[47] Decomposition of paramagnetic minerals and formation of magnetic minerals might also explain the high magnetic susceptibility within the black gouge zone in FZB1136. Samples from FZB1136 were subjected to magnetic hysteresis measurements [Mishima, personal communication, 2007] , and the black gouge samples showed more hysteretic behavior and stronger magnetization in a low magnetic field than samples from the surrounding rocks, suggesting that the gouge samples had a higher ferromagnetic mineral content. In contrast, the rate of increase of magnetization in a high magnetic field was lower in the black gouge zone than in the surrounding rocks, implying that the gouge zone samples had a lower paramagnetic mineral content. Therefore decomposition of paramagnetic minerals and formation of magnetic minerals might have occurred not only within the BM disks in FZB1194 and FZB1243 but also within the black gouge zone in FZB1136.
[48] On the other hand, none of the minor fault zones showed high magnetic susceptibilities (Figure 13 ). Although detailed magnetic mineral analyses would be required to examine possible magnetic change within the minor fault zones, we presume that the temperature of these minor zones might not have reached a high enough level to form magnetic minerals. When this was the case, frictional heating to higher temperatures would generally accompany slip associated with a relatively high frictional coefficient on the fault plane. Given a constant frictional coefficient, the temperature reached as a result of frictional heating would depend on the slip velocity and displacement. The minor fault zones might not have been produced by slips with sufficient velocity or displacement to achieve a sufficiently high temperature to form magnetic minerals by frictional heating.
Relationship With the 1999 Chi-Chi Earthquake
[49] The plane or zone of slip during the 1999 Chi-Chi earthquake was not identified in this study. However, in the temperature measurements from hole A, Kano et al. [2006] observed a slight heat signal around FZA1111 (corresponding to FZB1136 in hole B) and concluded that the heat signal had been produced by frictional heating during the earthquake. Ma et al. [2006] found both a 12-cm-thick primary slip zone and a 2-cm-thick major slip zone within the shallowest fault zone in hole C (a sidetrack from hole B) and concluded that the major slip zone was associated with the 1999 earthquake. Wu et al. [2007] reported low seismic velocity, low electrical resistivity, and a major stress orientation anomaly around FZA1111 in geophysical logs from hole A, suggesting that the shallowest fault zone was most likely related to the 1999 Chi-Chi earthquake. Therefore the shallowest fault zone likely slipped during the 1999 earthquake.
[50] We found high magnetic susceptibilities within FZB1136, FZB1194, and FZB1243, which might have resulted from the formation of ferromagnetic magnetite or maghemite by thermal decomposition of paramagnetic minerals, possibly reflecting a thermal anomaly caused by frictional heating during an earthquake. The BM disks, identified as pseudotachylytes with a low degree of melting [Hirono et al., 2006a] , within both FZB1194 and FZB1243 are evidence for frictional heating in these major fault zones. The heat signal in FZA1111, reported by Kano et al. [2006] , is strong evidence for frictional heating during the last earthquake. The significantly lower inorganic carbon content within the black gouge zone in FZB1136 [Ikehara et al., personal communication, 2007] and the BM disks in FZB1194 and FZB1243 [Hirono et al., 2006a] than in the surrounding gray gouge zones or host rocks is another possible indication that these zones have been subjected to high temperature because thermal decomposition of carbonate minerals occurs at high temperatures above approximately 400°C [Warne and French, 1984] . Taking our results and those of previous reports into consideration, we suggest that all three major fault zones have experienced high temperatures at some time in the past, probably induced by frictional heating during several repeated earthquakes.
[51] Next we discuss the mechanism of dynamic slip weakening during earthquake. Frictional melting and thermal pressurization are consistent with the reported evidence of frictional heating. However, elasto-hydrodynamic lubrication as a possible mechanism cannot be addressed here because its relationship with frictional heating is not well understood. All of the black gouge and gray gouge zones within FZB1136, FZB1194, and FZB1243 showed lower GRA densities, perhaps owing to extensive microscale fractures and cracks and/or the loss of the atoms with high atomic number. If the first explanation is correct, then the mechanism was more likely thermal pressurization than frictional melting because melting would be expected to produce relatively higher densities. Therefore if we assume that the low GRA densities and high magnetic susceptibilities can be associated with the 1999 earthquake, then thermal pressurization is the most likely faulting mechanism of that event. However, this hypothesis must be tested in further investigations, such as microscopic examination of fault zone rocks, to identify the slip plane or slip zone responsible for the most recent earthquake activity and thus to better understand the faulting mechanism of the 1999 Chi-Chi earthquake.
Summary
[52] Hole B of the TCDP penetrated the Chelungpu fault, and core samples were recovered from 948.42-to 1352.60-m depth. Three fault zones, FZB1136, FZB1194, and FZB1243, were recognized in the core samples as a series within the Chelungpu fault. We conducted nondestructive continuous physical property measurements on all core samples and found that the three major fault zones were characterized by lower GRA densities and higher magnetic susceptibilities. The lower GRA densities might have resulted from extensive fracturing and cracks within the fault zones and/or loss of atoms with high atomic number but do not likely reflect an artificial washout effect. The higher magnetic susceptibility values might have resulted from the formation of ferromagnetic magnetite or maghemite by thermal decomposition of paramagnetic minerals. This phenomenon is common in fault gouge that has been subjected to high temperature. Enomoto and Zheng [1998] and Nakamura and Nagahama [2001] reported high magnetic susceptibility in fault gouge within the Nojima fault caused by the production of new magnetite. On the other hand, core samples from some minor fault zones were characterized by lower GRA densities and no change in magnetic susceptibility or NGR emission. Magnetic susceptibility may thus be key to detection of frictional heating during an earthquake.
[53] Unfortunately, the fault zone, shear zone, or plane that slipped during the 1999 earthquake has still not been identified with certainty. Further investigations, such as microstructural examination, may provide additional information by which to identify the slip zone or plane, knowledge of which is important for gaining an understanding of the faulting mechanism acting within the fault zone system during the 1999 Chi-Chi earthquake.
